Direct contact boiling heat transfer of sub-cooled water with lead-bismuth eutectic (Pb-Bi) was investigated for the evaluation of the performance of steam generation in direct contact of feed water with primary Pb-Bi coolant in upper plenum above the core in Pb-Bi-cooled direct contact boiling water fast reactor. An analytical two-fluid model was developed to estimate the heat transfer numerically. Numerical results were compared with experimental ones for verification of the model. The overall volumetric heat transfer coefficient was calculated from heat exchange rate in the chimney. It was confirmed that the calculated results agreed well with the experimental result.
Introduction
As one of lead-bismuth eutectic (45%Pb-55%Bi)-cooled fast reactors, a direct contact type Pb-Bi-cooled FBR (PBWR) was proposed by Buongiorno, et al. (1) . In the PBWR, forced circulation pumps such as mechanical/electromagnetic pumps and steam generators were eliminated. The design concepts were formulated in more detail by Takahashi, et al. (2) It was named the Pb-Bi-cooled-Direct Contact Boiling Water Fast Reactor (PBWFR). In the PBWR and PBWFR, steam is generated by direct contact of feed water with a primary coolant of Pb-Bi in chimneys above the core, and the Pb-Bi coolant is circulated in the primary circuit by a steam lift pump driven by buoyancy forces of steam bubbles. A schematics of the concept of the PBWFR is shown in Fig. 1 . The chimneys and feed water headers in upper plenum above the core are shown in Fig. 2 . The performance of the steam lift pump and boiling heat transfer should be evaluated for the reactor system design. Buongiorno, et al. evaluated thermal-hydraulic performance in the chimney using one dimensional calculation model with the drift flux model (2) . Various studies have been carried out for investigation of Pb-Bi two-phase flow so far. Kashihara et al. experimentally determined the slip ratios of 3-4 for a Pb-Bi-N 2 two-phase flow and of 2 for a water-N 2 two-phase flow in a round tube with inner diameter of 44mm (3) . Takahashi, et al. evaluated Pb-Bi flow rates of a Pb-Bi-water-steam two-phase flow in direct contact of high temperature Pb-Bi and water in a vertical round tube with inner diameter of 38.4mm in their simulation of thermal-hydraulics in the chimney of the PBWFR (4) . Saito, et al. (5) and Hibiki (6) , et al. performed experiments of Pb-Bi-N 2 two-phase flow using a vertical round tube with inner diameter of 38.4mm for modification of the safety analysis code of liquid metal-cooled fast reactors, SIMMER-III (7) . The two-phase flow was visualized and the void fraction and liquid velocity in Pb-Bi-N 2 were measured by using the neutron radiography and electric probes. Kinoshita, et al. investigated experimentally the fundamental characteristics of water boiling heat transfer in direct contact of water with Pb-Bi (8) . The effect of the system pressure on the heat transfer and the required superheat of Pb-Bi for the water boiling were investigated. The present authors performed an analysis of the direct contact boiling heat transfer in the chimneys of the PBWFR using the two-fluid model (9) .
However, the boiling heat transfer model used in the analysis code has not been verified by means of comparison with experimental data. In the present study, the two-fluid heat transfer model was examined and verified by comaring the calculated result with experimental data (10, 11) for a Pb-Bi-water direct contact boiling two-phase flow. Figure 3 shows a schematic diagram of the experimental apparatus (4) (10) . The experimental apparatus consists of a Pb-Bi flow loop and a water-steam flow loop. The Pb-Bi loop consists of the four-heater pin bundle, the chimney, an upper tank, the level meter tank, the air-water cooler, the electromagnetic flow meter and the venturi for flow resistance. The water-steam loop consists of the centrifugal pump, the pre-heater, an injection nozzle, an upper tank with the mist separators and dryers inside, the condenser, the buffer tank, and the water cooler. Pb-Bi was supplied from the dump tank to the Pb-Bi flow loop and heated up to 250°C, and then circulated initially by natural circulation force. Figure 4 shows a schematic of the test section. The inner diameter of the chimney is 38.4mm and the length is 2.3m. The chimney is equipped with thermocouples for measurement of Pb-Bi and steam/water temperatures (11) . Water was injected into the Pb-Bi flow from the nozzle above the heater pin bundle, and boiled by direct contact heat transfer from Pb-Bi in the chimney. Boiling bubbles served as a gas lift pump for the circulation of the Pb-Bi coolant. 
Experiment

Experimental apparatus
Experimental procedure
Experiments were conducted by Takahashi, et al. (10) and Novitrian, et al. (11) under the conditions shown in Table 1 . The overall volumetric heat transfer coefficient U is defined by (10) :
where Q is the heat transfer rate estimated from Pb-Bi enthalpy decrease in the flow 
where T in, Pb-Bi is the Pb-Bi outlet temperature of the heater pin bundle and T sat is the water saturation temperature at the system pressure of P. The experimental results of U were estimated from the measured Q, T in, Pb-Bi , and system pressure or T sat . The analytical results of U were estimated from the calculated Q, T in, Pb-Bi , and T sat in the same way. Since Q is not necessarily constant in various experimental and calculation conditions, U is not a reciprocal function of sat T ∆ .
Analytical Model
Analytical System and Conservation Equations
Analysis for one-dimensional flow field in the chimney was carried out to estimate direct contact boiling heat transfer for comparison with the experimental data. It was assumed that the Pb-Bi velocity is equal to the liquid water velocity. The wall friction was neglected.
The two fluids model with mass, momentum and energy conservation equations and constitutive equations was used for the calculation of thermo-fluid dynamics of water/steam-Pb-Bi two-phase flow and direct contact boiling heat transfer.
The mass conservation equation for the kth phase is given by
where k α is the volume fraction, ρ k the density, u k the velocity, M k the mass exchange rate, and the suffix k means liquid Pb-Bi , liquid of water or steam. The momentum conservation equation for the kth phase is described as
where F I k is the momentum exchange rate at phase interfaces, P the pressure, k µ the dynamic viscosity, g the body force acceleration, and the suffix i the x-coordinate. The energy equation for the kth phase is described as
where e k is the specific energy, T k the temperature, k λ the thermal conductivity, and J k the interfacial energy exchange rate.
Constitutive Equations
The constitutive equations in the conservation equations are the mass transfer rate between the vapor and liquid water phases by boiling water, the momentum exchange rate between the liquid and vapor phases, the energy transfer rate between Pb-Bi and water, and the energy exchange rate by water boiling.
(1) Interfacial energy exchange rate
Heat transfer model is schematically shown in Fig. 5 . When the interface temperature of Pb-Bi and water falls below critical temperature, the boiling type changes from film boiling to nucleate boiling. After all the water in the liquid droplet evaporates completely, heat is transferred from Pb-Bi to vapor.
The interfacial energy exchange rate J is given by 
where the interfacial heat transfer area between liquid of water and Pb-Bi,
and the diameter of water droplet d was assumed to be the constant, 1mm. The heat transfer coefficient between Pb-Bi and liquid of water is given by
where h f and h P are the heat transfer coefficients on water side and Pb-Bi side, respectively. The heat transfer coefficient on the Pb-Bi side h P is given by
where the Nusselt number Nu p in the range of high Re number is given by Weber (12) , and that in the range of low Re number is given by Clift (13) 
and Re and Pr are the Reynolds number and the Prandtl number, respectively.
The heat transfer coefficient on the water side in the film boiling region is given by the equation of Nishikawa and Ito (14) and that in the nucleate boiling region is given by the equation of Nishikawa and Yamagata (15) as 
where C p, σ, h fg , ∆T and Pa are the heat capacity, the surface tension, the heat of vaporization, the temperature difference between Pb-Bi surface and the water and atmospheric pressure, respectively. P 0 and M 0 are the constant values of 1.976 and 900, respectively. Nu f and L are described as follows: 
( )
where suffices f and v mean saturated water and steam, respectively, and ∆T sat is the temperature difference between Pb-Bi and saturated water. The heat flux calculated by nucleate boiling heat transfer coefficient is limited by the critical heat flux q max given by (16) ( )
When the following interface temperature between Pb-Bi and water is lower than the critical temperature T cr (=374.15°C), the boiling heat transfer mode is treated as the nucleate boiling:
The heat transfer coefficient between steam and water is given by (17) 
where h g and h P are the heat transfer coefficient on steam side and Pb-Bi side, respectively. The heat transfer coefficient on Pb-Bi side h p is the same as Eq. (14) and that on steam side h g is described as (18) 58
(37)
(2) Interfacial momentum exchange rate between fluid and vapor
Interfacial momentum exchange is dominated by the drag forces between the phases expressed by ( )
where K is the drag coefficient, a is the interfacial area in unit volume given by and D H is the equivalent diameter of the chimney. The drag coefficient is given by
where the suffix C denotes the continuous phase, and the drag coefficient C d for bubbly flow is given by Crift (19) and that for droplet dispersed flow is given by Wallis (20) 
Boundary Conditions, Numerical Mesh Sizes and Calculation Cases
The steam pressure at the upper boundary was kept constant. Pb-Bi coolant entered the channel from a lower boundary at given velocity and temperature. The feed water was injected into the channel at the injection level at given temperature and velocity. The meshs were 15-30mm long. Figure 6 shows the conditions of Pb-Bi inlet temperature and feed water temperature in the calculation cases. Thirteen cases of analyses were carried out. As mentioned above, the boiling heat transfer mode between the film boiling and the nucleate boiling was judged from the interfacial temperature given by Eq.(27) in the analysis. However, the following interfacial contact temperature is more useful for judging the boiling heat transfer mode for the experimental data readily:
where
The solid line indicates the conditions where T i agrees with the critical water temperature T cr (=374.15°C). It is found that almost all the boiling modes were the nucleate boiling. Figure 7 shows the conditions of the Pb-Bi and feed water flow rates in calculation cases. Figure 8 compares typical calculation results of the axial temperature distributions in the chimney in case # 1 and #11 with the experimental result obtained by Novitrian, et al. (11) . In case #1, it is found that the calculated steam temperature reached the Pb-Bi ones downstream from the height of 0.5 m. Also, the calculated Pb-Bi and steam/water temperature agreed well with the measured temperature. The results of cases #3, #4, #5, #6, #7 and #8 are approximately similar to case #1. The results imply that the direct contact boiling heat transfer was completed in a short length in cases of nucleate boiling, and that the present heat transfer model can simulate the direct contact heat transfer well.
Results and Discussions
Temperature and volume fraction distributions
In case #11 where the pressure condition is higher and the heat transfer mode was judged as the film boiling, the calculated steam temperature could not reach the Pb-Bi ones up to the height of 2.0 m. The calculated Pb-Bi temperature agreed well with the measured temperature.
The calculated volume fractions of Pb-Bi, steam and liquid water are shown in Fig. 9 . In case #1, the volume fractions of steam increased steeply near the injection point and became nearly constant in the downstream from 0.5 m. It means that the injected water evaporated completely in the region up to the height of 0.5 m. The evaporation length in case #11 is longer than that in case #1 because the heat transfer coefficient is lower due to the film boiling. Figure 10 shows the experimental and calculated overall volumetric heat transfer coefficient defined by Eq. (1). It is found that the overall volumetric heat transfer coefficient decreased with increase in the superheat (10) (11) , and that the calculation results agreed well with the experimental result. Figure 11 shows the degree of agreement between the calculated and experimental results of the overall volumetric heat transfer coefficient. It is found that the calculated results agree with the experimental ones within an error of 20% except some cases.
Overall volumetric heat transfer coefficient
The heat transfer coefficients in the nucleate boiling region obtained at the pressure less than 3MPa are well simulated numerically by the present model. On the other hand, the experimental results of heat transfer coefficient in the cases #10, #11 and #13 which have large discrepancy with the calculated results were obtained at the conditions where temperature and pressure are higher than those in the other cases. The possible reasons for the large discrepancy are that the heat transfer coefficient in the nucleate boiling given by Eq. (18) could predict the practical one at the high pressure, that the change to the nucleate boiling could not be judged appropriately, and that the superheat was too low, that was 37K in #13 case. Superheat ∆Tsat(K) 
Conclusions
As a fundamental study of the direct contact boiling heat transfer in PBWFR, thermal-hydraulic analytical model of multiphase flow for two fluids model was developed to estimate the heat transfer in direct contact of water with Pb-Bi. Numerical analysis was carried out for the conditions of the direct contact boiling experiment to verify the model by comparing the numerical result with experimental result. It was concluded that the calculated overall volumetric heat transfer coefficient obtained from heat exchange rate in the chimney agreed well with the experimental result obtained mainly in nucleate boiling mode.
